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Basal keratinocytes in the epidermis and hair follicle are biologically heterogeneous but must include a stable
subpopulation of epidermal stem cells. In animal models these can be identifed by their retention of radioactive
label due to their slow cycle (label-retaining cells) but human studies largely depend on in vitro characterization of
colony forming efﬁciency and clonogenicity. Differential integrin expression has been used to detect cells of
increased proliferative potential but further stem cell markers are urgently required for in vivo and in vitro
characterization. Using LHM2, a monoclonal antibody reacting with a high molecular weight melanoma-associated
proteoglycan core protein, a subset of basal keratinocytes in both the interfollicular epidermis and the hair follicle
has been identiﬁed. Coexpression of melanoma-associated chondroitin sulfate proteoglycan with keratins 15 and
19 as well as b1 and a6 integrins has been examined in adult and fetal human skin from hair bearing, nonhair
bearing, and palmoplantar regions. Although melanoma-associated chondroitin sulfate proteoglycan coexpression
with a subset of b1 integrin bright basal keratinocytes within the epidermis suggests that melanoma-associated
chondroitin sulfate proteoglycan colocalizes with epidermal stem cells, melanoma-associated chondroitin sulfate
proteoglycan expression within the hair follicle was more complex and multiple subpopulations of basal outer root
sheath keratinocytes are described. These data suggest that epithelial compartmentalization of the outer root
sheath is more complex than interfollicular epidermis and further supports the hypothesis that more than one hair
follicle stem cell compartment may exist.
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The epidermis comprises multiple layers of keratinocytes of
different proliferation potential, which passage along a
terminal differentiation pathway (Fuchs and Byrne, 1994,
for a review). Epidermal stem cells have been identified in
interfollicular epidermis and the pilosebaceous unit on the
basis of a number of criteria including slow cycling label-
retaining cells (LRC), clonogenicity, and the ability of the
epidermis to regenerate following wounding (Barrandon and
Green, 1987; Cotsarelis et al, 1990; Jones and Watt, 1993;
Morris and Potten, 1994; Rochat et al, 1994; Taylor et al,
2000).
Our initial cytoskeletal studies in the late 1980s identified
keratinocytes in the bulge region of the outer root sheath
(ORS) of the hair follicle as expressing keratin K19. We
postulated that this was close to the stem cell region
because of the unique ability of K19 to stabilize multiple
type II keratins and maintain diversity of differentiation
(Stasiak et al, 1989; Lane et al, 1991). The observation that
label-retaining keratinocytes lay in this region in mouse skin
led to the ‘‘bulge activation hypothesis’’ (Cotsarelis et al,
1990), and later studies confirmed that K19 positive
keratinocytes were label retaining (Michel et al, 1996).
Subsequent studies have shown that cutaneous epithelium
contains multiple lineages of stem cells (Ghazizadeh and
Taichman, 2001). Moreover, it has also been shown that
stem cells within the bulge region of the hair follicle are
pluripotential and can give rise to epidermal, hair follicle,
and sebaceous gland cell populations (Taylor et al, 2000;
Oshima et al, 2001).
Following stem cell division, keratinocytes undergo a
number of transit amplifying divisions, predominantly in the
basal layer in normal epidermis, before becoming com-
mitted to the postmitotic differentiated state. Differentiating
keratinocytes can be distinguished within the epidermis by
the expression of keratins K1, K2e, and K10 as well as by
expression of precursors of the cornified envelope (Fuchs
and Byrne, 1994, for a review). Activated keratinocytes
express suprabasal keratins K6, K16, and K17 in part in
response to cytokines and immune mediators (Wilson et al,
1994). Although the basal epidermis is heterogeneous with
respect to proliferation, however, there has been consider-
able difficulty in identifying biochemical markers of stem
cells or stem cell compartments.
In vitro studies have shown that keratinocytes, which
rapidly adhered to collagenous matrix and expressed high
levels of b1 integrins, have high colony forming ability and
may be stem cells (Jones and Watt, 1993). Moreover,
patches of b1 integrin bright keratinocytes have been
identified in vivo and shown by whole mounts to localize
Abbreviations: IR, immunoreactivity; LRC, label-retaining cells;
MCSP, melanoma-associated chondroitin sulfate proteoglycan.
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particularly to the tips of dermal papillae (Jones and Watt,
1993; Jones et al, 1995). Similar studies have also identified
a6 integrin bright keratinocytes as possible stem cells (Li
et al, 1998). A number of proteins are heterogeneously
expressed in the interfollicular epidermis including keratin
K15, which is expressed within patches of basal keratino-
cytes in the rete ridges of human skin (Waseem et al, 1999).
The reactivity of hair follicle bulge keratinocytes with mono-
clonal antibody C8/144B, a Tcell marker, has been attributed
to cross-reactivity with K15 and has led to K15 being
proposed as a hair follicle stem cell marker (Lyle et al, 1998).
Keratinocytes synthesize a number of proteoglycans that
are highly regulated during development (Kaplan and
Holbrook, 1994). Biochemical and immunochemical studies
have revealed differences in the expression profile of
heparan sulfate, chondroitin sulfate, and dermatan sulfate
glycosaminoglycan side chains between proliferating and
differentiating keratinocytes within normal skin. This ob-
servation and the altered expression of other proteoglycans
during wound healing has led to speculation that these
molecules are also important in regulating adhesion during
epidermal differentiation. Using melanoma cell lines as
immunogens we have previously generated a monoclonal
antibody (LHM2) that recognizes a high molecular weight
(4200 kDa) proteoglycan, melanoma-associated chondroi-
tin sulfate (MCSP), which is widely expressed in melanoma
and melanoma-derived cell lines (de Vries et al, 1986;
Kupsch et al, 1995). In this study we show that MCSP is
expressed by a subset of keratinocytes in interfollicular
epidermis and in the ORS of the hair follicle. Moreover, the
coexpression of MCSP with K15, K19, and other putative
stem cell markers such as the b1 and a6 integrin bright
populations in the epidermis and hair follicle, suggests that
MCSP may also serve as a marker for stem cells or early
exit cells from the stem cell population. Furthermore, MCSP
coexpression with other stem cell markers in the ORS of
human hair follicles indicates that the ORS is composed of a
number of biochemically distinct compartments, and this
supports the hypothesis that the ORS contains several stem
cell populations (Commo et al, 2000; Panteleyev et al,
2001).
Results
MCSP is expressed in subpopulations of basal cells
within the epidermis and hair follicle Gene-specific
primers based on the published MCSP sequence were
designed and used to investigate gene expression in mRNA
isolated from A375P melanoma cell line, normal human
skin, and cultured human primary keratinocytes. MCSP
transcripts were identified in four out of four normal human
skin samples and two out of two primary keratinocyte cell
cultures (Fig 1A) as well as in the A375P human melanoma
cell line (data not shown). In situ hybridization of normal
human epidermis showed a homogeneous pattern of MCSP
mRNA expression in basal epidermal keratinocytes (Fig 1B).
MCSP mRNA was also detected in the ORS and bulb of the
hair follicle (Fig 1C) as well as in the sebaceous duct and
sebaceous gland (not shown). Control experiments using a
sense probe (Fig 1D) showed no staining.
Patterns of MCSP immunoreactivity (IR) were investi-
gated in adult human epidermis, using a monospecific
monoclonal antibody to MCSP (LHM2) that recognizes the
core protein. In contrast to the patterns of mRNA expres-
sion, MCSP protein was more restricted. In the epidermis,
MCSP IR was localized to a subpopulation of basal
interfollicular keratinocytes, located at the tips of the dermal
papillae (Fig 2A), as well as to a subset of basal
keratinocytes within the ORS of the hair follicle (Fig
2BD). In the ORS of the hair follicle, MCSP IR was more
widespread than that seen in the epidermis and extended
from the point of entry of the sebaceous duct to the lower
follicle bulb (Fig 2BD). MCSP was also expressed in the
sebaceous duct and in occasional cells in the sebaceous
gland. MCSP IR was not detected in the infundibulum
(Fig 2B). In the lower follicle bulb MCSP was expressed
throughout the basal layer but also in a small population of
basal germinative epithelial cells adjacent to the base of the
follicular papilla as well as in a population of cells capping
the tip of the follicular papilla (Fig 2C, D). MCSP was not
detected, however, in either the majority of hair follicle
germinative epithelial cells or the differentiating matrix (Fig
2C, D). MCSP IR was not detected in the eccrine sweat
Figure 1
MCSP mRNA is expressed in normal
human skin and cultured keratinocytes
and is expressed in the basal layer of
the epidermis. (A) RT-PCR showing
MCSP mRNA expression in normal human
skin (lanes 2–5) and in cultured human
keratinocytes (lanes 6–7); lane 1, DNA size
markers. In situ hybridization showing that
MCSP mRNA is expressed in the basal
layer of human epidermis (B) and in the
ORS and hair follicle bulb (C). (D) Sense
control. Scale bars: 200 mm.
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gland. In addition to adult human scalp epidermis we also
investigated MCSP IR in epidermis from other body sites. In
skin from the back, buttocks, chest, axilla, breast, as well as
palmoplantar epidermis MCSP IR was always restricted to
cells in the basal, epidermal, layer. In corneal epithelium
MCSP IR was heterogeneous and expressed in individual
cells of both the limbal and corneal epithelium (not shown).
MCSP IR was not detected in either foreskin or perineum. In
all epithelia that were MCSP positive, expression was
always restricted to cells within the basal layer, and we did
not detect MCSP in suprabasal compartments. By confocal
microscopy MCSP IR was predominately localized to the
lateral and apical borders of basal keratinocytes in both
frozen and formalin-fixed specimens of normal skin (Fig 2E).
MCSP can be detected in human and mouse epidermis
with both LHM2 and NG2 A BLAST search using the
human MCSP gene sequence revealed significant homol-
ogy to NG2, a membrane-associated chondroitin sulfate
proteoglycan originally identified in rats and expressed
predominantly in adult neuronal and glial cells. Using a
polyclonal antibody against NG2 (a kind gift from W.
Stallcup) strong NG2 IR was detected in the ORS of the
hair follicle and on interfollicular keratinocytes of rat skin
(not shown). NG2 IR in human skin was identical to that
seen with LHM2, reacting with clusters of positive cells at
the tips of the dermal papillae (Fig 2F).
MCSP colocalizes with a subset of b1 integrin bright
progenitor keratinocytes in interfollicular epidermis and
the hair follicle MCSP IR in interfollicular epidermis was
detected in populations of basal keratinocytes located at
the tips of the dermal papillae. The tips of the dermal
papillae have been proposed as the site of interfollicular
epidermal stem cells based on their containing a population
of b1 integrin bright cells (Jones et al, 1995). By confocal
microscopy and double immunofluorescence labeling we
found that in adult interfollicular epidermis MCSP coloca-
lizes with a subset of b1 integrin bright cells within the tips of
the dermal papillae, which suggests that MCSP may serve
as a marker for epidermal stem cell populations (Fig 3A). In
the hair follicle b1 integrin bright cells were localized within
the MCSP positive compartment. In contrast to previous
studies, however (Jones et al, 1995), we found b1 integrin
bright cells were expressed throughout the basal layer of
the ORS and were not restricted to the bulge (Fig 3BE).
Figure 2
MCSP is expressed in subpopulations
of basal cells within the epidermis and
pilosebaceous unit. (A) Immunofluores-
cence staining showing MCSP in
interfollicular epidermis. MCSP was
restricted to the tips of the dermal
papillae (arrows). In the pilosebaceous
unit MCSP was widely expressed in the
basal layer of the ORS of both the upper
and lower hair follicle (BD) including the
sebaceous duct (B). In the lower follicle
bulb (C, D) MCSP was also expressed in
a small population of cells at the base of
the follicular papilla (arrow) as well as in
cells capping the papilla (dashed arrow).
By confocal microscopy the LHM2 anti-
gen was predominately localized to the
lateral and apical borders of basal
keratinocytes (E). NG2 IR in human skin
was identical to that seen with LHM2,
reacting with clusters of positive cells at
the tips of the dermal papillae (F). DP,
dermal papilla; FP, follicular papilla; INF,
infundibulum; SG, sebaceous gland.
Scale bars: (A) 150 mm; (B), (C) 100 mm;
(D) 50 mm; (E) 20 mm; (F) 100 mm.
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Similar observations with regard to the distribution of b1
integrin bright cells in the ORS of human hair follicles have
also previously been reported by Commo et al (2000).
Restricted coexpression of MCSP and keratin K15 in
interfollicular epidermis Both K15 and K19 have been
proposed as markers of epithelial stem cells (Stasiak et al,
1989; Lane et al, 1991; Lyle et al, 1998). The relationship
between expression of K15, K19, and MCSP was deter-
mined by double immunofluorescence microscopy. In
interfollicular epidermis we were able to identify three
populations of basal cells on the basis of their MCSP and
K15 IR (Fig 4AD). Basal cells in interfollicular epidermis
were either MCSP positive, K15 negative (MCSP þ ve/K15
ve) and localized primarily to the tips of the dermal
papillae (Fig 4A); or were MCSP negative, K15 positive
(MCSP –ve/K15 þ ve) and located in the rete pegs (Fig 4B).
Double immunofluorescence microscopy for MCSP and
Figure 3
MCSP coexpression with b1 integrin
bright keratinocytes in epidermis and
hair follicle. (A) Double immunofluores-
cence showing coexpression of MCSP
with b1 integrin bright cells in dermal
papillae of human epidermis. (B)(E)
Serial sections through hair follicle show-
ing the infundibulum (B, D) and proximal
ORS (C, E) of anagen hair follicles, show-
ing MCSP (B, C) and b1 integrin (D, E) IR.
The patterns of expression are overlap-
ping, but note the lack of MCSP in the
infundibulum (B) compared with b1 integ-
rin (D) and also the eccrine sweat gland,
which is positive for b1 integrin (C) but
negative for MCSP (E). (F)(H) Double
immunofluorescence IR for MCSP (green)
and b1 integrin (red) in the upper (F),
middle (G), and lower (H) hair follicle. EG,
eccrine sweat gland; INF, infundibulum.
Scale bars: (A) 50 mm; (B)(H) 100 mm.
436 GHALI ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
K15 clearly showed this restricted pattern of epidermal IR
(Fig 4CD). Within the basal layer, however, we observed
small populations of basal keratinocytes that expressed
both MCSP and K15 (MCSP þ ve/K15 þ ve) and were
located in the tips of the dermal papillae (Fig 4E). K19
expression was not detected in interfollicular epidermis,
confirming previous studies (Stasiak et al, 1989).
The marked restriction of MCSP and K15 expression was
most pronounced in interfollicular epidermis in which the
rete ridges were most pronounced. In interfollicular epider-
mis in which rete ridges were poorly defined there was
much more overlap of MCSP and K15 expression (Fig 4F).
In palmoplantar epidermis MCSP was expressed in the tips
of the dermal papillae in a similar pattern to that seen in
interfollicular epidermis, and K15 was predominantly re-
stricted to the rete pegs (data not shown).
Subpopulations of MCSP positive keratinocytes in the
ORS of the hair follicle are reciprocally expressed with
K15 and K19 as well as a6 integrin In human anagen hair
follicles MCSP is expressed in a population of basal
keratinocytes within the ORS that extends from the isthmus
to the lower follicle bulb (see Fig 2BD). Double fluores-
cence microscopy of human anagen hair follicles with a
monospecific monoclonal antibody to keratin K15 con-
firmed that MCSP and K15 IR is localized to overlapping
regions of the ORS of the hair follicle (Fig 5AC). Whereas
MCSP IR extends from the isthmus to the lower follicle bulb,
however, K15 IR is not as extensive and is only expressed
from the mid region of the isthmus (middle of the upper
ORS) to the lower ORS of the hair follicle bulb. K15 was not
expressed in either the upper ORS (Fig 5B, C) or the lower
follicle bulb (Fig 5A).
In addition to keratin K15 and b1 integrin bright cells,
other proposed markers of hair follicle stem cells include
keratin K19 (Lane et al, 1991) and a6 integrin (Li et al, 1998).
Immunohistochemistry for a6 integrin and keratin K19 in
serial sections of anagen hair follicles showed variability. In
some follicle sections, the MCSP positive region of the ORS
of anagen hair follicles was composed of two discrete
populations of cells that were a6 integrin and keratin K19
bright (Fig 5DI). The first of these MCSP/a6 integrin/K19
bright compartments was localized to a region of the upper
ORS that corresponds to the region of attachment of
the arector pili muscle termed the ‘‘bulge’’ (Fig 5E, G, I). The
second compartment was located in the lower ORS of the
hair follicle bulb (Fig 5D, F, H). In some anagen hair follicles,
however, these two regions were not as discrete and upper
and lower ORS compartments, as determined by a6 integrin
and keratin K19 expression, were continuous. In contrast to
the ORS of the hair follicle, no such coexpression between
MCSP, a6 integrin, and keratin K19 was detected in the
interfollicular epidermis. Moreover, as already described
above, apart from the few MCSP/K15 positive cells in the
epidermis, overlap of MCSP and K15 expression in the
epidermis was also not as marked as seen in the hair
follicle. These data suggest that epithelial compartments in
the ORS may be more complex than interfollicular epidermis.
Secondary hair germ is positive for MCSP, K15, K19,
and a6 integrin In addition to terminal anagen hair follicles
we have also been able to make some observations on the
patterns of MCSP, K15, K19, and a6 integrin expression in
human hair follicles undergoing catagentelogen transition
(Fig 6AD). It is important to note, however, that owing to
the limited number of such follicles in human epidermis,
sample size is limited to several hair follicles. We have
observed that in catagentelogen hair follicles the epithelial
strand and secondary hair germ were strongly positive for
MCSP, K15, K19, and a6 integrin. Moreover, on the basis of
the IR patterns it appeared that the discrete compartmen-
talization seen in anagen follicles was lost and that the basal
cells in the epithelial strand and secondary hair germ were
homogeneous for MCSP, K15, K19, and a6 integrin.
Discussion
MCSP is expressed in basal interfollicular stem cell
compartments Previous studies have indicated that the
antigen recognized by LHM2 is a high molecular weight
chondroitin sulphate proteoglycan that is highly expressed
on more than 90% of human melanoma tissues and
cultured melanoma cell lines (Pluschke et al, 1996). The
Figure 4
Restricted coexpression of MCSP and
K15 in interfollicular epidermis. Immu-
nofluorescence microscopy showing pat-
terns of MCSP and K15 expression in
epidermis. (A) MCSP in tips of dermal
papillae and (B) K15 in rete ridges. (C)(E)
Double immunofluorescence staining
showing overlapping expression of MCSP
(green) and K15 (red) in epidermis, show-
ing restricted expression of MCSP and
K15 in different epidermal compartments
of interfollicular epidermis, but showing
(E) some overlapping expression. In inter-
follicular epidermis with less pronounced
rete ridges MCSP and K15 patterns are
more extensive and show much more
overlap (F). Scale bars: (A), (B), (D) 100
mm; (C), (F) 200 mm; (E) 50 mm.
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cDNA sequence for the core protein of this MCSP has been
identified and shows 81% homology with the rat chondroitin
sulfate proteoglycan NG2, originally isolated from a chemi-
cally induced rat neuronal tumor (Nishiyama et al, 1991).
Both MCSP and NG2 show a restricted expression pattern
in adult tissues where they are expressed in undifferentiated
cell populations (Dawson et al, 2000).
Although MCSP expression has previously been re-
ported in human skin and hair follicles, its expression profile
has not been characterized (Kupsch et al, 1995). In this
study we observed that MCSP was expressed in basal cells
of all epithelial tissues studied, apart from foreskin and
perineum. The reason why MCSP was not expressed in
foreskin and perineum is not clear, although lack of
expression may reflect the embryonic origin of these
tissues. MCSP protein was not detected in more differ-
entiated suprabasal populations, which correlates with
expression studies in other tissues (de Vries et al, 1986;
Dawson et al, 2000). In situ hybridization showed MCSP
mRNA to be expressed suprabasally, however, in both the
epidermis and hair follicle. The reason for these differences
in mRNA and protein expression is not known. It is well
established, however, that there is poor correlation between
mRNA and protein abundance and that mRNA degradation,
alternative splicing, co- and post-translational modification,
and post-transcriptional regulation of gene expression are
important regulators of gene expression and make it difficult
to extrapolate from mRNA to protein (Gygi et al, 1999; Chen
et al, 2002).
In interfollicular epidermis MCSP showed a heteroge-
neous pattern of expression and was restricted to small
clusters of basal keratinocytes located at the tips of the
dermal papillae. The epidermal compartment located at
the tips of the dermal papillae is believed, based on the
presence of a population of b1 integrin bright cells (Jones
and Watt, 1993; Jones et al, 1995), to contain epidermal
stem cells. Using double immunofluorescence labeling we
and others (Legg et al, in press) have found that MCSP
colocalizes with b1 integrin bright cells within the tips of the
dermal papillae. Moreover, Legg et al (in press) have shown
that the colony forming efficiency of MCSP positive cells is
identical to that of cells selected on the basis of b1 integrin
expression (Jones and Watt, 1993). This therefore suggests
that MCSP is a good marker for interfollicular keratinocyte
Figure 5
Subpopulations of MCSP positive ker-
atinocytes in the ORS of hair follicles
express K15 and K19 as well as a6
integrin. Immunofluorescence micro-
scopy showing patterns of expression of
K15, K19, MCSP, and a6 integrin. (A)(C)
Double immunofluorescence staining for
MCSP (green) and K15 (red) showing
marked overlap of MCSP and K15 in the
ORS of the hair follicle but also showing
very clear heterogeneity of cell popula-
tions. (D), (E) MCSP expression in serial
sections of the hair follicle showing (D)
follicle bulb and lower ORS and (E) upper
ORS. (F), (G) Double immunofluorescence
staining for MCSP and K19 expression in
(F) follicle bulb and lower ORS and (G)
upper ORS. (H), (I) a6 integrin in serial
section of (H) follicle bulb and lower ORS
and (I) upper ORS. DP, dermal papilla.
Scale bar: 250 mm.
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progenitor cells. Whether all cells that are MCSP positive
are stem cells, however, or whether MCSP is purely a
generalized marker of the stem cell compartment is not
clear. Legg et al (in press) have reported that fluorescence-
activated cell sorter analysis of MCSP positive cells did not
select for cells that were more clonogenic than b1 integrin
bright cells. This suggests that MCSP and b1 integrin
populations are the same, and therefore that they may all be
stem cells, or that within this population of MCSP positive,
b1 integrin bright population further subsets of stem cells
exist. Because of the restricted pattern of MCSP in
interfollicular epidermis and its marked colocalization with
b1 integrin bright cells it is possible that all MCSP positive
cells are stem cells. In the ORS of the hair follicle, however,
MCSP is much more widespread and it seems unlikely that
all cells within this compartment are stem cells.
In murine hair follicles, label-retaining stem cells have
been identified in a discrete region of the ORS known as the
bulge (Cotsarelis et al, 1990). The mouse monoclonal
antibody C8/144B, originally raised against CD8 antigen,
has been reported to act as a marker for the bulge region of
murine and human follicles (Lyle et al, 1998). On the basis of
western blotting C8/144B is believed to cross-react with
keratin K15 and as a result K15 has been proposed as a
follicular stem cell marker (Lyle et al, 1998). Using LHK15, a
monospecific antibody to K15, we and others have reported
heterogeneity of K15 expression in basal epidermal kera-
tinocytes (Waseem et al, 1999; Porter et al, 2000). By double
fluorescence microscopy we have shown that interfollicular
basal keratinocytes can be subdivided into three distinct
populations. Although a few interfollicular cells coexpressed
both K15 and MCSP, generally MCSP expression and K15
expression were mutually exclusive. Moreover, the lack of
K15 expression in the tips of the dermal papillae suggests
that K15 may not be a good marker for the interfollicular
stem cell compartment. Whether K15 is a true marker of
hair follicle stem cells is the cause of some debate.
In interfollicular epidermis the C8/144B antibody only recog-
nizes a small proportion of the total K15 positive cells
identified using LHK15, a highly specific monoclonal anti-
body raised to a carboxy terminal peptide of K15 (Waseem
et al, 1999; Porter et al, 2000). Moreover, the C8/144B
antibody fails to react with K15 transfected cells under
conditions in which other K15 antibodies give positive
results (Porter et al, 2000). This suggests that there may be a
quantitative difference in levels of K15 detected with the two
antibodies; or possibly that conformation-dependent epi-
topes are involved. Alternatively, C8/144B may cross-react
with more than K15 and it is possible that this cross-
reacting epitope is a true stem cell marker!
The hair follicle stem cell compartment is more wide-
spread than in interfollicular epidermis If MCSP is a
marker of epidermal stem cells, then how can we explain
this widespread pattern of expression? First, it is possible
that MCSP does not serve as a marker for progenitor cell
populations or compartments in the hair follicle, or
alternatively it may indicate that, in terminal human scalp
hair follicles at least, stem cells or the stem cell compart-
ment may be more widespread. In mice there is very strong
evidence to suggest that epidermal stem cells reside in a
discrete region of the ORS termed the bulge (Cotsarelis
et al, 1990). Although the term ‘‘bulge’’ has gained popular
usage when referring to the stem cell compartment of
human hair follicles, however, terminal human scalp hair
follicles do not contain such an easily identifiable, morpho-
logically distinct region (Fuchs and Byrne, 1994; Akiyama
et al, 1995). Moreover, clonogenic studies of human hair
follicles have shown that cells with high clonal capacity are
localized to a broad morphologically indistinct region of the
proximal ORS (Rochat et al, 1994; Moll, 1995; 1996). This
suggests that in human hair follicles, stem cells do indeed
occupy a larger niche than that occupied by murine stem
cells. This is also supported by the observation that in
terminal scalp hair follicles C8/144B expression is also
extensive in the proximal ORS (Lyle et al, 1998; Bull et al,
2001). Moreover, in this study we have also found that b1
integrin bright cells appeared to be randomly distributed
throughout the MCSP positive region of the ORS and were
not restricted to any anatomical region. This supports the
data of Commo et al (2000) who have also reported b1
integrin cells to be more widely expressed in the ORS.
Figure 6
MCSP, K15, K19, and a6 integrin are
coexpressed in the secondary hair
germ of telogen hair follicles. Immuno-
fluorescence microscopy showing coex-
pression of MCSP (A, D), K19 (B), a6
integrin (C), and K15 (D) in the secondary
hair germ of human hair follicles. G,
secondary hair germ; CH, club hair. Scale
bars: 50 mm.
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The ORS of human hair follicles may contain several
stem cell compartments In addition to MCSP and K15 a
number of hair follicle stem cell markers have been
proposed, including b1 integrin bright cells (Jones and
Watt, 1993), K19 (Lane et al, 1991; Michel et al, 1996;
Commo et al, 2000), and a6 integrin (Li et al, 1998). In this
study we have shown a complex pattern of coexpression
for these markers in the basal ORS of human terminal hair
follicles (see Fig 7 for a summary). This suggests that the
ORS may be composed of a number of morphologically
similar but biochemically complex compartments. MCSP
expression is extensive throughout the basal ORS whereas
K15 is coexpressed in a subset of MCSP positive cells that
occupy the middle third of the ORS excluding the proximal
follicle bulb and the isthmus of the ORS. Within this MCSP/
K15 positive region of the ORS were two compartments that
contained keratin K19 and a6 integrin positive cells.
It has been proposed that the skin contains multiple
classes of epidermal stem cells (Ghazizadeh and Taichman,
2001) and that the hair follicle contains at least two stem cell
populations (Commo et al, 2000; Panteleyev et al, 2001). It is
therefore probable that these stem cells reside in separate
compartments. Bruno Bernard and colleagues (Commo
et al, 2000) have reported a similar K19 distribution to that
seen by us for K19 and a6 integrin. On the basis of this
distribution pattern Commo et al (2000) have proposed a
unifying hypothesis in which the two stem cell compart-
ments fuse during the catagentelogen phase and indivi-
dualize during anagen. Although the exact nature of the
stem cells in these two compartments is not known, it is
possible that one may serve as a reservoir for the ORS and
the other for the germinative epithelium (Panteleyev et al,
2001). We have also observed this discrete pattern of K19
expression and now also add a6 integrin as a further marker
of these compartments. We also observed, however, that in
some follicles, instead of two discrete K19 a6 integrin
compartments, there was instead continuous expression
within the basal ORS. The reason for this is not clear. It is
important to note that in their ‘‘split fuse hypothesis’’,
however, Commo et al (2000) have proposed that in early
anagen the two stem cell compartments would be fused. It
is therefore possible that these follicles may well be in early
anagen in which case their stem cell compartments will not
have separated. Unlike the murine hair cycle in which
synchronized cycling of the hair cycle allows discrete
stages of anagen to be carefully described (Hardy, 1992),
in human hair follicles the asynchronous nature of the hair
cycle makes detailed analysis of substages of anagen very
difficult to determine. In support of the hypothesis proposed
by Commo et al (2000), we also observe that in the
catagentelogen follicles the marked compartmentalization
seen in anagen is lost and the epithelial strand and
secondary hair germ are positive for MCSP, K15, K19, and
a6 integrin (see Fig 7).
Although much is known about the potential properties of
epidermal stem cells, their study has been hampered by the
absence of markers that can distinguish true stem cells
from transit amplifying and postmitotic cells in the compart-
ment of basal keratinocytes. Functional characterization of
MCSP has been largely confined to studies on melanoma
cell lines, which have implicated MCSP in growth control
and cell adhesion (Pluschke et al, 1996). Recent work has
shown that MCSP interacts with and stimulates integrin-
a4b1-mediated adhesion by activating a signal transduction
pathway that links Cdc42 activation to cytoskeletal organi-
zation (Eisenmann et al, 1999; Fang et al, 1999). Moreover,
the rat homolog of MCSP, NG2, is expressed in immature
cells, which are capable of mitosis and often show a high
degree of mobility (Dawson et al, 2000). A characteristic
feature of NG2-expressing cells is a degree of develop-
mental plasticity and in most cell types NG2 expression is
downregulated by terminal differentiation (Dawson et al,
Figure 7
Summary of MCSP, K15, K19, and a6 integrin
expression in human hair follicles. Based on
the ‘‘split fuse hypothesis’’ of Commo et al
(2000). K19 and a6 integrin form two discrete
compartments within the MCSP, K15 region of
the ORS. In catagen apoptosis-driven regression
results in formation of the resting telogen follicle.
The secondary hair germ is positive for MCSP,
K15 as well as K19 and a6 integrin. With the
onset of anagen two discrete K19 and a6 integrin
compartments regenerate.
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2000). The identification of MCSP expression in basal, more
undifferentiated, keratinocytes and the loss of expression
with differentiation would be compatible with a role for this
molecule in controlling cell growth and differentiation in
keratinocytes. Given the importance of MCSP/NG2 in
regulating motility and adhesiveness in other cell types it
will be important to determine if MCSP is important in
regulating transit of keratinocytes from the stem cell
compartment in human skin. The localization of MCSP
protein to the apicolateral surface of basal keratinocytes
suggests that the primary role of this proteoglycan in
keratinocytes may not be concerned with cell basement
membrane interactions. Finally Legg et al (in press) have
reported that MCSP appears to be functionally important in
promoting stem cell clustering and have proposed a role for
MCSP in contributing to the stem cell microenvironment by
influencing the accessibility to keratinocytes of growth
factors. This is interesting as NG2 is reported to be required
for responsiveness of aortic smooth muscle cells to platelet-
derived growth factor AA (Grako and Stallcup, 1995), and
platelet-derived growth factor receptors have been loca-
lized to hair follicle stem cell compartments (Akiyama et al,
1996). NG2 knockout mice are not reported to exhibit any
apparent hair or skin phenotype, however (Grako et al,
1999), which suggests that there is redundancy in NG2
function. Further experiments are now required to fully
characterize MCSP-expressing cells and to determine its
role in keratinocyte biology, and, moreover, to further
characterize the different epithelial compartments of the
hair follicle.
Materials and Methods
Materials Normal human skin specimens were obtained from
face-lift, abdominal, breast, and foreskin operations. Each speci-
men was divided into two and half was fixed in 4% paraformalde-
hyde and half snap frozen, in order to facilitate comparison of
relative peptide expression. Palmoplantar biopsies were taken for
controls on keratoderma research and snap frozen. All human skin
biopsies were taken and used with ethical committee permission
and patient consent. Further skin samples from scalp, chest, axilla,
abdomen, buttock, perineum, and foreskin were obtained from
post mortems and subsequently fixed in 4% paraformaldehyde
(ethical committee permission was granted).
Immunohistochemistry Primary mouse monoclonal antibodies
were used at a concentration of 1:100. LHM2 was raised against
MCSP and recognizes the core protein, LHK15 against keratin K15
(Waseem et al, 1999), LHP2K against keratin K19 (Lane et al, 1991),
4F10 against a6 integrin (Li et al, 1998), and P5D2 against b1
integrin (Dittel et al, 1993). All experiments were carried out on
serial sections where possible.
Four-micron sections were cut, mounted, and processed as
previously described (Bull et al, 2001). For antigen retrieval sec-
tions were microwave treated under pressure for 4 min at 900 W
in preheated citrate buffer pH 6.0. Sections were then blocked with
horse serum to reduce nonspecific binding and subsequently
incubated for 90 min at room temperature, with LHM2 (MCSP),
LHP2K (K19), or 4F10 (a6 integrin) primary antibodies.
Secondary biotinylated antibody (Vectastain Universal Elite
ABC Kit Vector Laboratories, Peterborough, UK) was then applied
for 30 min, at room temperature, followed by avidin biotin
peroxidase complex for 20 min. Visualization was made using a
Tyramide Signal Amplification (TSA) Fluorescein System for
sections stained for LHM2 and with TSA Cyanine 5 System
(PerkinElmer Life Sciences, Boston, MA) for LHP2K and 4F10
antibodies. Sections were then washed in Tris-buffered saline and
mounted using Immu-Mount (Thermo Shandon, Runcorn, UK).
On some sections double immunofluorescence microscopy
was used to colocalize LHK15 (K15) and P5D2 (b1 integrin) with
LHM2 (MCSP). Nonspecific binding of LHM2 was blocked with
horse serum and the sections were incubated and developed as
above. Sections were then blocked using goat serum for 5 min and
incubated with primary LHK15 and P5D2 antibodies overnight at
41C. Slides were then washed and incubated with secondary goat
antimouse IgG2a Texas Red (Molecular Probes, Eugene, OR) for
30 min, washed, and mounted as described above.
Serial sections were visualized using a Leica epifluorescence
microscope (Leica Imaging Systems, Cambridge, UK) and the
colocalized sections were visualized using a Zeiss confocal
microscope.
RT-PCR RT-PCR using primers based on the published sequence
of human MCSP gene (Accession number X96753) was used to
amplify a 288 bp fragment corresponding to position 861–1130
from the coding region of the MCSP gene. Primer sequences used
were as follows: forward primer 50-GCGGAATTCCAGTGTCCA-
CATCAATGCTCA-30 (EcoR 1 site underlined) and reverse primer 50-
GCGAAGCTTGCCATGTTGCGCGTCAGC-30 (Hind III site under-
lined). The product was subcloned into pGEM-3Z Vector (Prome-
ga, Southampton, UK) and the insert was verified by sequencing.
Riboprobes for in situ hybridization were generated from the same
plasmid.
In situ hybridization Five-micron paraffin sections were cut onto
Superfrost slides (Merk). Sections were deparaffinized followed by
treatment with proteinase K at 371C for 8 min and prehybridization
at 421C. Following this, the sections were hybridized with 50 ng per
mL of digoxigenin-labeled probe in prehybridization buffer contain-
ing dextran sulfate overnight at 421C using a Hybaid Omnislide
machine. Following stringency washes to 0.1  sodium citrate/
chloride buffer/50% formamide, sections were stained with
antidigoxigenin-AP Fab fragments. After washing, the sections
were developed with BCIP and NBT chromagen solution.
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